Abstract: Functionally graded biomaterials (FGBMs) have received significant attention in the recent years as potential candidates for the next generation of dental implant improvement. This happened due to their unique advantages and their ability to satisfy the requirements of both biomechanical and biocompatibility properties simultaneously. This study was aimed to analyze the effects of two radial and axial FGBM dental implants on the stress distribution near the dental implant-bone interface under a static load using finite element method (FEM). The model was restrained on a base supporting bone and vertically loaded with a force of 100 N on the top of the abutment. In the FGBM models, the implants are made of a combination of bioceramic and biometal composition, with properties that change gradually and continuously in the radial and axial directions. The numerical results indicated that the use of both radial and axial FGBM dental implants reduced the maximum von Mises stress in the cortical and the cancellous bones in comparison with the common titanium one, which leads to faster bone regeneration and early stabilization of dental implant system. The findings of the present study may have implications not only for understanding the stresses and deformations around the implant-bone interface but also for improving the performance as well as application of FGBMs in dental implant materials.
Introduction
The purpose of modern dentistry is to restore the patient to normal function, health, and aesthetics. Dental implants can be a bold restoration option for people in a suitable general oral health who have lost a tooth because of periodontal disease, an injury, or some other reasons. Due to the lack of periodontal ligament transfer in dental implant, the forces of chewing will transfer directly to the surrounding bones near the implant. Therefore, much effort has been devoted to investigate the relation between the characteristics of dental implant and the stress distribution near the dental implant-bone interface [1] [2] [3] [4] [5] . The most common cause of failure in dental implant is inadequate bone formation around the biomaterial immediately after implantation [6] . Therefore, the development of new biomaterials for dental implants is one of the most challenging tasks for materials science today. A single composition with a uniform structure cannot satisfy the requirements for some biomedical applications, as dental biomaterials must meet several important criteria and have appropriate properties, such as biocompatibility, with a known degradation rate, osteoconductivity, strength, corrosion resistance, elastic modulus, fatigue durability, and close chemical similarity to that of the biological apatite present in human hard tissues [7] [8] [9] [10] . Functionally graded biomaterials (FGBMs) have recently been introduced in dental implants owing to their unique advantages and ability to satisfy the requirements of both biomechanical and biocompatibility properties simultaneously. FGBM is a nonhomogeneous biomaterial composed of bioceramic and biometal; its properties such as elasticity modulus, mass density, and thermal conductivity vary smoothly and continuously through the biomaterial. Due to the high applicability of FGBM composite biomaterials, a number of researches have been dedicated many times to the biomedical applications of FGBM composites [11] [12] [13] [14] [15] [16] . In the case of dental implants, FGBM is usually considered to comprise a mixture of titanium and bioactive hydroxyapatite (HA) due to its biocompatibility, bioactivity, and structural resemblance to that of the organic part of the teeth and body bones. HA, which is found in the teeth and bones of animals as well as humans, is an osteophilic material that not only does not absorb but also does not solve in the body solutions. Furthermore, it stimulates natural bone production, such that bony structures fill the spaces around the implant and make a good bond with bones in a direct connection. As this material has a good biocompatibility with the tissues forming the human body, it is widely used as a coating material for dental implants and prostheses. HA can be produced by two methods: organic synthesis [17] [18] [19] [20] and extraction from a natural source [21] [22] [23] . The physical and mechanical properties of HA vary according to different conditions and synthesis methods. Many studies have been performed to improve the properties of HA, such as assessing the effects of sintering and annealing processes on HA properties [23] [24] [25] [26] . Dental implants with functionally graded structures are composed of titanium and various bioceramics, including HA, which has been fabricated to satisfy the requirements of both mechanical and biocompatibility in previous investigations [27] [28] [29] . However, a small number of studies have been conducted to analyze FGBM dental implants using finite element method (FEM) [30] [31] [32] [33] , which obviously is considered as a simple and inexpensive way for finding the stress distribution.
It has been reported that the mechanical properties of FGBM implant are varied axially with a single power-law function. The purpose of this paper is to investigate the effects of both radial and axial FGBM dental implants on the stress distribution near the dental implant-bone interface based on one and two power-law functions, respectively. To do this, the results obtained from FGBM dental implants in the radial and axial directions were compared to those of common titanium implants. As the mandible bone is more vulnerable to damage than the implant, this study has concentrated on the bone stress distribution.
Materials and methods
The geometry of a commercial solid screw implant (Nobel Biocare ® , Branemark, Gothenburg, Sweden) was used as a reference to model a cylindrical implant and a solid abutment, which were developed to one unit. The modeling of a human mandible, including the cancellous core surrounded by the cortical layer with the width of 1.5-2 mm, was simulated based on the CT scan inputs. The ABAQUS 6.10 software (SIMULIA Corporation, Providence, RI, United States) was utilized to simulate and obtain the bone stress distribution. In order to define the contact between the implant and bone, it was assumed that the osseointegration existed completely and the simulation contact was considered to be perfectly bonded. A concentrated force of 100 N was vertically applied on the center of abutment's top surface, and the model was restrained on a base supporting bone. The details of the simulation model are illustrated in Figure 1 .
In the radial FGBM implant, the mechanical properties changed gradually and continuously in the radial direction according to a special function. In other words, the center of Ti/HA radial FGBM implant was considered to be a titanium biometal, and its properties changed based on a predefined function up to the outer layer (in contact with the bone), which is an HA bioceramic and a bone-compatible phase. In this study, Poisson's ratio υ is considered constant and the elasticity modulus E of the implant is assumed to vary radially based on a continuously parabolic (PFGM) nonlinear equation [34] :
where E 0 is the reference value of E related to elasticity modulus of titanium biometal, r is the radial coordinate, b is the outer radius, and n and β are the "two" material parameters. In addition, E out indicates the elasticity modulus of the outer layer related to the elasticity modulus of bioceramics. Figure 2A shows the nondimensional elasticity modulus (E/E 0 ) along the radial direction for different values of n and β. According to this figure, for a fixed value of R (0 < R < 1) and n = 0.4, the nondimensional elasticity modulus decreases by reducing β, while for n = -0.4, it would be vice versa.
In the axial FGBM implant, the material profile changes continuously along the longitudinal direction from Ti biometal-rich in one end to HA bioceramic-rich in the other end, which is implanted inside the mandible bone to achieve the optimal mechanical properties and biocompatibility. Previous studies have concentrated on the FGBM with a single power-law function only along the longitudinal direction [30] [31] [32] [33] . In this study, volume fraction should be defined using two power-law functions in order to reach the aim of smooth bone stress distribution among all the interfaces. The two power-law or sigmoid functions (SFGM) are defined by [35] :
The elasticity modulus can be calculated also by:
where E 1 and E 2 are the elasticity moduli of the top end (z = h/2) related to the titanium biometal and bottom end (z = -h/2) related to HA bioceramic of the axial FGBM implant, respectively. For different values of η, the elasticity modulus along the longitudinal direction is plotted in Figure 2B . According to this figure, in the range from 0 to 0.5 of nondimensional length (z/h), the elasticity modulus decreases by reducing η, while in the range between -0.5 and 0 of nondimensional length (z/h), the reverse holds true. For the FE modeling of radial and axial FGBM implants, the variations of material properties were implemented by 20 layers in the radial and axial directions while the material properties for each layer were constant.
All the materials in this study have been assumed to be isotropic and homogenous; although it has been indicated that biological structures, such as the bone, are not isotropic, this is a common assumption in numerical modeling of oral structures [36, 37] . Table 1 represents the mechanical properties of materials used in this work.
In order to achieve reliable data, the convergence of FE outcomes was evaluated. For the convergence test and the modification of mesh size, the maximum von Mises stress was obtained in the case of titanium implant. The calculation shall be reported for finer mesh sizes until the relative errors between two successive analyses become < 1%. Details of element and node numbers for the finest mesh model are listed in Table 2 . Moreover, as an additional verification, a comparison between the results of this work and that of Kong et al. [38] was made under the same simulation conditions. In fact, in their study, models were constrained in all directions at the nodes on the mesial and distal bone and the static force of 100 was applied axially to the middle point in the center of the superstructure. Table 3 indicates a comparison between the values of maximum von Mises stress in the present study and the ones given by Kong et al. [38] , in which a good agreement was seen between the results.
Results
In the case of radial FGBM implant, the stress distribution of bone was evaluated in response to the radial FGBM implant, in which the mechanical property, i.e. modulus of elasticity, of dental implant varies gradually in the radial direction. The maximum von Mises stress versus the volume fraction index n in the cortical and cancellous bones is presented in Figure 3 . As can be observed from this figure, in the case of radial FGBM implant, the maximum von Mises stress decreases for n < 0 and increases for n > 0 compared to the titanium one (n = 0) in both the cortical and cancellous bones. However, the maximum von Mises stress continuously decreases in a range of n = -0.4 to n = 0.4 by increasing n.
In the case of axial FGBM implant, the stress distribution of bone was investigated in response to the axial FGBM implant, in which the mechanical property, i.e. modulus of elasticity, of dental implant varies gradually and continuously along the longitudinal direction. Figure 4 illustrates the variations of maximum von Mises stress versus the volume fraction index η in the axial FGBM implant. According to this figure, the maximum von Mises stress in the axial FGBM implant system decreases for all values of η in comparison with common Ti one. Moreover, this figure can be divided into two intervals; in the first interval of η (1-5), the maximum von Mises stress changes rapidly compared to its variations in the second interval (5) (6) (7) (8) (9) (10) . This behavior is related to the mechanical properties, such as elastic modulus, of axial FGBM implant, which were described in equation 2 and Figure 2B . As shown in Figure 2B , the curves of the elastic modulus variations of axial FGBM implants Table 4 : Maximum von Mises stress (MPa) of cortical and cancellous bones in response to the titanium (Ti), radial and axial FGBM implants with various n and η values, respectively. vary closely to each other in the range of η between 5 and 10. Therefore, it is expected that the curves of maximum von Mises stress versus the volume fraction index also vary closely to each other in this range of η, i.e. 5 ≤ η ≤ 10. Figure 4 exhibits a good coincidence with this expectation. The summary of Figures 3 and 4 is listed in Table 4 .
Overall, for the case study, Figure 5 displays the maximum von Mises stress of mandible bone in response to the radial FGBM implants (where the outer layer is HA, i.e. n = 0.64) and the axial one (where η = 1). Based on this figure, the maximum von Mises stress values of radial and axial Ti/HA FGBMs, as a bone-compatible phase, have a vivid reduction as compared to the titanium one in the cortical and cancellous bones, and this reduction leads to a faster bone regeneration and early stabilization of the implant, based on the previous reports [39] .
On the other hand, the study on bone stress distribution can play a crucial role in the assessment of dental implant system performance in clinical applications due to the vulnerability of the bone. Figure 6 shows the stress distribution in the cortical and cancellous bones for the Ti/HA FGBM implants and for the titanium one. According to this figure, the maximum value of bone stress takes place in the titanium implant compared to FGBM ones. In other words, the maximum von Mises stress of bone is reduced when the FGBM implant is used; however, the intensity of stress distribution of jaw bone increases in the radial and axial FGBM implants. Figure 7 illustrates the position of maximum von Mises stress in response to the radial and axial FGBM and titanium implants in the cancellous bone. As shown in this figure, the maximum von Mises stress occurs in the last threads and bottom of implant-cancellous bone interface for both the radial FGBM and titanium implants. In contrast, the maximum von Mises stress was observed in the first threads and top of implant-cancellous bone interface for the axial FGBM implant. In the axial FGBM implant, according to Equation 2 and Figure 2B , as the mechanical properties, such as elastic modulus, increase from the bottom end to the top one, it was predictable that the maximum stress occurs in the superior region of the cancellous bone. Figure 7 indicates a good consistency compared to the reports from previous investigations [30] [31] [32] [33] [38] [39] [40] [41] [42] [43] [44] .
Discussion
The results of the present study were used for the assessment of biomechanical compatibility of the FGBM dental implant. In most of the previous studies on FGBM dental implant [30] [31] [32] [33] , the mechanical property, i.e. elastic modulus, of FGBM implant is assumed to vary axially based on a single power-law function, but in this study, these properties are considered to change radially and axially according to single and two power-law functions, respectively. In all assessments, the maximum von Mises stress of the mandible bone appears near the neck of dental implant, which has a good agreement with reports of the previous literature [30] [31] [32] [33] [38] [39] [40] [41] [42] [43] [44] . In the radial FGBM case, a significant reduction in the maximum von Mises stress of the cancellous bone is observed in a way that this reduction leads to higher stability and faster bone regeneration, and as a result, the performance of dental implant system improves. In addition, due to the presence of a biocompatible and bioactive bioceramic, such as HA, as bone-compatible phase, in the outer layer and in direct contact with the bone, the stimulation and bone growth increase near the dental implant-bone interface and hence the healing time is reduced. In the axial FGBM case, a significant reduction in the maximum von Mises stress of the cancellous bone is also seen. The mechanical properties vary in the longitudinal direction gradually and continuously from Ti biometal-rich in one end to HA bioceramic-rich in the other end. This causes the implant to have a higher strength at top regions and first threads of dental implant (where stress is high) and the biocompatibility and bioactivity properties to increase at the bottom areas (where the stress is low). Moreover, the FGBM implant can significantly reduce the risks of failure modes, such as decomposition of HA, amorphous calcium phosphate (ACP) formation, weak adhesion strength between the HA coating and the titanium substrate, and cracking and stress concentration compared to cases where the HA coating alone is used [45, 46] . Overall, the FGBM implant could satisfy important factors such as biocompatibility, bioactivity, strength, and stress continuity in the dental implant system.
Conclusion
In summary, the effects of radial and axial FGBM dental implants on the bone stress distribution near the implantbone interface were successfully evaluated using FE analysis. The results of this research demonstrated that the optimal design of FGBM implant reduces stress concentration in the cortical and cancellous bones compared to the conventional titanium one. This finding indicates that FGBM dental implant benefits in reducing the stress concentration in the bone, and this would advance the early stability of dental implant system. Moreover, it was found that FGBM parameters can play a pivotal role in achieving an optimized biomechanical function of FGBM dental implant in terms of stress distribution through the hosting bone. In other words, they are useful parameters from a design point of view in a way that they can be tailored to specific biomechanical and clinical applications for controlling stresses.
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